The transcription factor E2F1 is a key regulator of proliferation and apoptosis but the molecular mechanisms that mediate these cell fate decisions remain unclear. Here, we identify FOXO transcription factors as E2F1 target genes that act in a feed-forward regulatory loop to reinforce gene induction of multiple apoptotic genes. We found that E2F1 forms a complex with FOXO1 and FOXO3. RNAi-mediated silencing of FOXO impaired E2F1 binding to the promoters of cooperative targets genes. A FOXO3 mutant insensitive to inactivation by survival kinases rescued the inhibitory effect of growth factor signaling on E2F1-mediated transcription and apoptosis. The E2F1/FOXO axis is frequently blocked in cancer, as evidenced by the specific down regulation of the FOXO-dependent E2F1 transcriptional program in multiple cancer types and by the association of a reduced E2F1/FOXO transcriptional program with poor prognosis.
Introduction
The role of the retinoblastoma tumor suppressor (Rb) in the control of E2F transcription factors function is now recognized as the key step in the regulation of cell cycle entry. In response to growth factor signaling Rb is inhibited by cyclin-dependent kinases (CDKs) leading to E2F activation and G0 to G1/S transition. Disruption of various components of this control pathway leads to deregulated proliferation and is central to the development of many forms of human cancer (1) .
Previous studies have found that among the E2F family E2F1 protein is unique in its ability to induce apoptosis in addition to its more conventional role in the control of cellular proliferation (2) . For example, E2F1 overexpression in quiescent fibroblasts leads to induction of cellular DNA synthesis and apoptosis (3) and thymocytes derived from E2F1−/− mice are resistant to apoptotic stimuli (4) . Following DNA damage E2F1 is stabilized by ATM and Chk2 phosphorylation leading to apoptosis induction (5, 6) . The E2F1-dependent apoptosis is mediated through transcriptional induction of numerous proapoptotic genes and repression of survival genes (6) (7) (8) (9) (10) . Collectively, these and other studies suggest that frequently deregulated E2F1 activity in cancer cells represents a potential Achilles heel that might be exploited in cancer therapy. However, in order to effectively harness this therapeutic potential, we must better understand the mechanisms that inactivate the apoptotic potential of E2F1 in cancer.
Previous studies from our group have demonstrated that the decision to proliferate or undergo a cell death response following E2F1 activation was regulated by PI3K/Akt function, coinciding with a specific repression of only a subset of E2F1 target genes (11, 12) . Left unclear from these observations is the mechanism by which PI3K signaling can specifically prevent the induction of apoptotic but not the proliferative E2F1 target genes. Given the evidence for combinatorial mechanisms of transcription control involving other E2F family members, we hypothesized that the outcome of E2F1 activation might also be affected by the status of its different transcriptional partners.
Similar to E2F1, the FOXO family of transcription factors plays an important role in various cellular processes. Activation of FOXO activity can lead to growth arrest, apoptosis, increased stress resistance, differentiation, and metabolic responses in a system-specific manner (13). Phosphorylation of FOXO proteins by kinases such as AKT and SGK, downstream of PI3K activation by growth factor signaling, leads to their nuclear exclusion and subsequent degradation (14, 15) . 
Materials and Methods
Detailed Materials and Methods are available in Supplementary Information. Catalog numbers and oligonucleotide sequences used in this study can be found in Supplementary Table S7 .
Cell Culture and Drugs
U2OS human osteosarcoma cells stably expressing ER-HA-E2F1 were obtained from Dr. Rotter.
IMR90, 293T and U2OS cells were grown in DMEM with 10% FCS. Cell line identity was authenticated by DNA STR profiling assay. 4-hydroxy tamoxifen (OHT), LY294002, and G418
were from Sigma. Vorinostat (SAHA) was from ChemieTek.
Microarray analysis.
For microarray analysis of U2OS ER-E2F1 cells RNA was prepared using RNeasy kit (Qiagen). and analyzed on Affymetrix U133A 2.0 microarrays. Microarray expression data are available in the Gene Expression Omnibus (GEO) database under the accession number GSE39136.
Cell Viability and Apoptosis Assays
Relative cell numbers were quantified using MTS or CellTiter-Glo® assays (Promega). Caspase 3/7 activity assays were performed using Caspase-GLO 3/7 luminogenic substrate (Promega).
Adenovirus, Lentivirus Infection and siRNA
Adenoviruses expressing FOXO3 AAA and LacZ (Vector Biolabs) were used at MOI 10. For construction of pLEX-FOXO3, HindIII+XbaI fragment from pCDNA3-FLAG-FOXOs (Addgene) was cloned into BamHI site of pLEX-puro (Open Biosystems). 
Results

A feed-forward gene regulatory circuit involving E2F1 and FOXO transcription factors
Previous studies have suggested that specificity and consequently the outcome of transcription factor (TF) activation might be determined by the status of its TF partners (18) (19) (20) .
Accordingly, in considering possible mechanisms that underlie the specificity of E2F1 function, we have focused on the identification of TFs that might function together with E2F1. In this context, we made use of findings from the system biology field demonstrating that feed-forward regulation is the most highly overrepresented network motif in transcriptional networks (21) . In this motif, one transcription factor activates a second transcription factor that then cooperates with the initial inducer to regulate target genes (Fig. 1A) . Using the feed-forward mode of regulation as a working hypothesis, we decided to look for potential E2F1 cooperating transcription factors among the genes that are induced by E2F1. To identify TFs that are induced by E2F1, we performed expression microarray experiment in an inducible system of U2OS cells that express an ER-E2F1 fusion protein. Addition of 4-hydroxytamoxifen (OHT) leads to nuclear translocation of the chimeric protein and activation of E2F1-mediated transcription. This system was characterized previously and microarray analysis demonstrated the lack of OHT effect on transcription in the parental U2OS cells (22) .
Amongst 1098 genes activated more than two fold in response to E2F1, 113 genes encoded transcriptional regulators (Table S1 ), suggesting that regulation of other TFs represents an important part of E2F1 transcriptional program. Upregulation of two members of the FOXO family of transcription factors, FOXO1 and FOXO3, was of particular interest to us given their established role in apoptosis (23) . In addition, the well established inactivation of FOXO by PI3K signaling coupled with our previous findings on the role of this survival signaling pathway in the specific repression of the apoptotic E2F1 transcriptional program suggested that FOXO TFs might function as E2F1 apoptotic transcriptional cofactors (11, 14, 15) . Notably, the induction of FOXO1 and FOXO3 mRNA by E2F1 is direct as it occurred in the presence of protein synthesis inhibitor and E2F1 binding to FOXO1 and FOXO3 promoters was demonstrated by chromatin immunoprecipitation experiments (24) .
To explore a role of the FOXO proteins in E2F1-mediated transcription activation, we knocked down their expression and performed a microarray analysis of gene expression before and after induction of E2F1 activity by 4-OHT. Given previous work that has suggested overlapping and potentially compensatory function for FOXO1 and FOXO3 (25) , at this stage we have not sought to distinguish individual roles for these proteins in the function of E2F1 and used two different shRNA constructs (Foxo33 and Foxo707) targeting both FOXO1 and (Fig. 1B) . Comparison of expression levels after E2F1 activation in cells infected with scrambled shRNA control to those in cells with FOXO knockdown demonstrated that among 1140 genes induced by E2F1 at least two fold, 278 (25%) were induced to significantly lower levels following FOXO knockdown ( Fig. 1C and Table S2 ). The fact that FOXO knockdown did not affect E2F1-mediated induction of the majority of E2F1 target genes rules out the possibility of shFOXO effects on ER-E2F1 levels or nuclear translocation.
Examination of the list of FOXO-dependent E2F1 targets identified several genes that had been previously linked with apoptosis, including EGR genes (26) (27) (28) (29) , APAF1 (30), PTCH1 (31), EPHA7 (32), NLRP3 (33) , and CTSB (34) . Notably, the list also contained NR4A3, identified as serum-repressed apoptotic E2F1 target in a previous study (12) . In addition, a CDK inhibitor CDKN1C (p57), was also induced by E2F1 in a FOXO-dependent manner. Finally, we also note the E2F1-mediated induction of numerous developmental genes, including several components of the Wnt pathway that were attenuated by FOXO knockdown.
To further explore the role of E2F1 and FOXO in the control of these genes, RT-PCR analysis was performed. As shown in Fig. 1D , the E2F1-mediated induction of the EGR1, EGR2, and EGR4 genes was abrogated following FOXO knockdown. In addition to the EGR genes, E2F1-mediated induction of APAF1, a key component of apoptosis pathway was also attenuated by FOXO knockdown (30) . RT-PCR analysis also confirmed a role for FOXO in E2F1-mediated induction of additional genes, including CDKN1C ( Fig. 1D ) and several components of Wnt pathway (Fig. S1 ). In contrast, the induction of a cell cycle-promoting gene encoding ribonucleotide reductase subunit M2 (RRM2) was unaffected by FOXO knockdown (Fig. 1D) .
To further establish a role for FOXO in the E2F1-mediated induction of selected genes we used a complementary approach in which FOXO3 was ectopically expressed in the U2OS ER-E2F1 cells. RT-PCR analysis following induction of E2F1 activity by OHT demonstrated that E2F1-mediated activation of the EGR4, APAF1, and CDKN1C genes by was enhanced by FOXO3. This cooperation was gene-specific since RRM2 was also induced by E2F1 but this induction was unaffected by FOXO3 (Fig. S2 ).
E2F1 and FOXO transcriptional cooperation
In considering the mechanism by which E2F1 and FOXO proteins might synergize in the activation of target genes, we found that E2F1 physically interacts with both FOXO1 and FOXO3 in co-immunoprecipitation experiments using tagged proteins ( Fig. 2A) . Similar experiments using endogenous E2F1 and FOXO proteins were inconclusive, likely due to technical limitations of the antibodies used. To address a role for FOXO in the function of E2F1, we carried out chromatin immunoprecipitation assays to measure the interaction of E2F1 with target promoters. As shown in Fig. 2B , the induction of E2F1 with OHT led to a recruitment of E2F1 to the APAF1 promoter. Importantly, this binding was dependent on FOXO since combined knockdown of FOXO1 and FOXO3 eliminated the binding of E2F1 to the APAF1 promoter. A similar result was seen for E2F1 recruitment to the EGR1 promoter. In contrast, binding of E2F1 to the promoter of a proliferative gene MCM4 was only marginally affected by FOXO knockdown demonstrating promoter specificity of FOXO effect.
To test whether direct binding of FOXO proteins to the APAF1 promoter is necessary for modulation of the E2F1-mediated APAF1 induction, we utilized a reporter gene under the control of APAF1 promoter sequence (Fig. 2C) . The activity of the reporter was induced by cotransfected FOXO3 (Fig. 2D ). We identified a potential FOXO recognition sequence located just upstream of an E2F binding site (Fig. 2C) . Mutation of this site abolished the activation of the reporter by FOXO3 demonstrating that this site is, indeed, a functional FOXO site responsible for the induction of APAF1 by FOXO (Fig. 2D) . Importantly, the E2F1-mediated induction of APAF1 promoter reporter was also attenuated by the mutation of the FOXO site ( 
The E2F1/FOXO transcriptional program is reduced in cancer
Amongst the various changes accompanying the development of an oncogenic phenotype is the loss of capacity to initiate cell death (35) . Given the apparent role of FOXO transcription factors in defining the transcriptional specificity of E2F1 to include the induction of apoptosis, we evaluated the pattern of expression of FOXO-dependent E2F1 target genes as cells transition from a normal state to an oncogenic state. To develop a measure of the E2F1/FOXO transcription program, we first identified those probe sets on the microarray that were induced at least two fold by E2F1 in the presence of FOXO activity. Then, we identified the subset from this group whose induction by E2F1 was reduced at least 1.5 fold by FOXO knockdown. This yielded a total of 52 probe sets representing 51 genes (Table S3) . We then compared the average expression of this group of genes in normal and tumor samples making use of several publicly available expression datasets.
We started our analysis with a sarcoma dataset, given the fact that our initial microarray experiments were performed in the osteosarcoma cell line U2OS. As seen in Fig. 4A , the expression of the FOXO-dependent E2F1 transcriptional signature was significantly reduced in sarcomas as compared to normal fat tissue. To evaluate the extent to which this distinction between normal and tumor samples was a reflection of the FOXO-dependent component of the E2F1 transcriptional program, we generated a second signature that included genes whose induction by E2F1 was not affected by FOXO in our microarray analysis (Table S4 ). As seen in To extend our observations to epithelial cancer types we analyzed five additional datasets representing breast, colorectal and liver cancers. The characteristics of all datasets and summary of the results are shown in Table S5 . In all datasets we found a significant reduction of the FOXO-dependent E2F1 transcriptional signature in tumor samples (Fig. 4 and Table S5 ). In contrast, the expression of the FOXO-independent E2F1 transcriptional signature did not significantly differ between tumor and normal samples in four datasets (Fig. 4 and Table S5 ) and was downregulated to a smaller extent than the FOXO-dependent E2F1 program in two datasets (Table S5) To evaluate the potential role of the FOXO-dependent E2F1 transcriptional program in cancer outcomes, we performed survival analysis studies in breast and lung cancer. We extracted the expression values of the 52 FOXO-dependent E2F1 target probes sets described above (Table S3 ) from a large breast cancer dataset (36) . Unsupervised clustering of samples resulted in identification of two main sample clusters, stratifying the tumors into high and low expressors of the FOXO-dependent E2F1 transcriptional program (Fig. 5A ). Survival analysis demonstrated that patients whose tumors were characterized by a high expression of this program had significantly better prognosis than those from the low expression cluster. Similar results were obtained in an analysis of large lung adenocarcinoma dataset (37) (Fig. 5B) . 
HDAC and PI3K inhibitors activate E2F1/FOXO transcriptional program and apoptosis
The potential tumor suppressive function of FOXO/E2F1 cooperation and its loss in In stark contrast to the activation of the FOXO-dependent E2F1 signature by HDACi, the signature consisting of FOXO-independent E2F1 targets was repressed by HDAC inhibitors as demonstrated in Fig. 6A for vorinostat. This result suggests that HDAC inhibitors specifically induce FOXO-specific subset of E2F1 targets while repressing FOXO-independent E2F1 targets.
Similar specific activation of the FOXO-dependent E2F1 signature was observed for a PI3K inhibitor, LY294002, in agreement with the established inhibitory role of PI3K signaling on FOXO activity (Table S6) (14, 15) . 
with SAHA alone resulted in only mild apoptotic response, it potently enhanced the apoptotic activity of E2F1 (Fig. 6B) . Further, this apoptotic caspase activation was attenuated by FOXO3 knockdown, suggesting important role of FOXO3 in mediating the apoptotic synergy between E2F1 and SAHA. We then studied the effect of individual and combined knockdown of FOXO1 and FOXO3 on cell viability following separate and combined treatment of cells with SAHA and OHT (Fig. 6C) . Western blot analysis confirmed efficient knockdown of FOXO1 and FOXO3 by corresponding siRNAs. Whereas the low concentration of OHT did not affect cell proliferation in the presence of serum, SAHA strongly synergyzed with OHT in decreasing cell numbers.
Importantly, single knockdowns of FOXO1 or FOXO3 significantly attenuated this toxicity with combined knockdown resulting in the greatest degree of protection.
Next, we combined SAHA with a PI3K inhibitor (LY294002) to further activate FOXO activity. As demonstrated in Fig. 6D , treatment of U2OS with this combination led to a synergistic apoptosis induction, which was again attenuated by FOXO3 knockdown. Thus, the synergy between HDAC and PI3K inhibitors during apoptosis induction is mediated at least in part through FOXO-dependent pathway.
Our results so far suggested that HDAC inhibitors and PI3K inhibitors specifically activate FOXO-dependent E2F1 transcription and that activation of this transcriptional program has tumor suppressive properties. Accordingly, we would expect that these drugs will be more active in tumors where this program is inactivated, reflected by a lower basal E2F1/FOXO signature. To test this hypothesis, we made use of publicly available data from a recent study that profiled 50 breast cancer cell lines for drug sensitivity and basal gene expression (39) . As demonstrated in Fig. 6E , we indeed found a statistically significant inverse correlation between 
Discussion
The role of the Rb/E2F pathway in the control of critical cell fate decisions including proliferation, quiescence, development, differentiation, metabolism and cell death, has been well established in previous work (40) . Particularly intriguing is the apparent dual role of the E2F1 transcription factor in the activation of gene expression programs leading to proliferation and apoptosis (41) . The identification of FOXO as component of the E2F1-induced apoptotic program, coupled with the established role of survival signaling events regulating FOXO activity, provides a molecular basis by which survival signals can control the outcome of E2F1 activation and block the death component (Fig. 7) . We also believe the spectrum of control involving the combination of E2F1 and FOXO goes beyond the activation of an apoptotic program, given the identification of multiple genes as FOXO-dependent E2F1 targets. For instance, the identification of multiple developmental genes, including several Wnt signaling pathway components, as cooperative targets suggests a potential role for E2F1/FOXO crosstalk in development and differentiation. In addition, we identify CDKN1C (p57), a negative regulator of the cell cycle through CDK inhibition, as FOXOdependent E2F1 target (Fig. 1C) . Thus, the feed forward loop between E2F1 and FOXO family might contribute not only to apoptosis but also to growth arrest. The repression of proliferative E2F1 targets such as RRM2 by FOXO3 AAA (Fig. 3A) is consistent with this notion and might be either direct (as described previously for Cyclin D) or indirect through the induction of CDK inhibitors (42) . Although additional studies will be required to better understand the role of E2F1/FOXO cooperation in different cellular contexts, the overall effect seems to be tumor suppressive based on the observation that the E2F1/FOXO transcriptional program is reduced as 
infection cells were serum starved for twenty four hours and then medium was replaced to serum-free medium with (OHT) or without (con) 30 nM OHT for four hours.
Chromatin immunoprecipitation was performed with anti-HA antibody to detect binding of ER-HA-E2F1 to the indicated promoters.
C.
Schematic representation of APAF1 promoter reporter constructs used in luciferase assays.
D. U2OS cells were co-transfected with APAF1 promoter reporter constructs depicted in (C)
as indicated below the graphs together with FOXO3 or GFP control expression constructs.
Luciferase assays were performed 48 hours later.
E. U2OS ER-E2F1 cells were transfected with equal amounts of APAF1 promoter reporter constructs depicted in (C) as indicated below the graphs. Twenty four hours post infection cells were serum starved for twenty four hours and then medium was replaced to serum-free medium with (OHT) or without (con) 60 nM OHT. Luciferase assays were performed five hours later. (Table S3) . FOXO-independent E2F1 targets were defined as probes induced at least two fold by OHT in sh-scr samples, whose induced levels did not differ by more than 10% between sh-scr and sh-FOXO samples (Table S4) . Expression data for the E2F1/FOXO signature described above (Table S3) 
